ABSTRACT: Substrate functionalization is of great importance in successfully manipulating flows and liquid interfaces in microdevices. Herein, we propose an alternative approach for spatial patterning of wettability in a microcapillary tube. The method combines a photolithography process with self-assembled monolayer formation. The modified microcapillaries show very sharp boundaries between the alternating hydrophilic/hydrophobic segments with an achieved smallest domain dimension down to 60 μm inside a 580 μm inner diameter capillary. Our twostep method allows us to pattern multiple types of functional groups in an enclosed channel. Such structures are promising regarding the manipulation of segmented flows inside capillaries.
S ubstrate functionalization plays a key role in manipulating the usage of microsystems in biomedical/chemical analysis. Selectively tuning of surface wettability facilitates new applications for microsystems and promotes fundamental understanding, for example, in manipulating droplets, 1, 2 creating hydrophobic valves, 3, 4 solvent extraction of metal ions or organics, 5, 6 and attaching biomaterials. 7, 8 Patterning dissimilar surface chemistries on flat substrates is generally accomplished using techniques such as microcontact printing, electrochemical deposition, and self-assembling monolayer (SAM) formation combined with photomasks. 9−12 Techniques to modify surfaces in enclosed microchannels are often complicated and have their limitations. Soft photolithography process (e.g., microcontact printing) are generally suitable for patterning flat substrates. 8, 13 Local heat induced patterning by particles 14 causes significant thickness difference (>μm) between the hydrophilic and hydrophobic regions. Electrochemical deposition, 15 often applied to microchip-based systems, requires complex chip design and implemented electrodes. Vong 16 has fabricated dissimilar wettability in a microchannel by using local photochemical reaction with a tailored linker in a complex route. Photochemical patterning in enclosed channels is also demonstrated by decomposing or chemical modifying the coated monolayers under UV irradiation by using either photocatalysts 17, 18 or UV photochemistry. 19 Such methods require certain photoresponsive materials and chemistries. The UV photochemistry method presented by Chen et al. 19 is particularly useful to pattern multiple monolayers within enclosed channels. Special care must be taken to prevent the resulting hydrophilic regions to turn hydrophobic after several days. 20 Flow controlled surface modification is capable of fabricating defined heterogeneous wettability inside a microchannel but is restricted by the fluid flow pattern. 21 In this communication, we propose an alternative approach for spatial patterning inside a microcapillary tube. Alternating hydrophilic/hydrophobic segments were obtained by combining photolithography with silane based self-assembling monolayer chemistry. The photolithography process defines the boundary of hydrophilic/hydrophobic regions by patterning a dense photoresist layer on the targeted hydrophilic regions. The coated layer is dense and resistant enough to protect the covered surfaces from the subsequent silane monolayer formation step. We further demonstrate the effect of these patterns inside the capillaries on the fluid dynamics of segmented liquid−liquid flows.
As outlined in Figure 1 , a dense positive photoresist layer (Olin Oir 907, a novolac resin) was coated on the inner wall of a hydrophilic microcapillary. We defined the boundary between the hydrophilic/hydrophobic segments by exposing the photoresist-coated microcapillary to parallel UV light (250−350 nm, 12 mW/cm 2 ) through a photomask with a desired pattern. The UV-exposed photoresist layer was removed using a developer solution to expose the targeted surfaces and dried. The wettability of these exposed surfaces was modified by exposure to an organosilane solution. Finally, we exposed the hydrophilic regions by flowing dehydrated hexane to remove the silane residues followed by a mixture of acetone and ethanol (1:1 v/v) to remove the photoresist layer.
We verified the feasibility of this approach using flat glass slides. The static water contact angles were measured to be 28 ± 3°and 108 ± 3°on the hydrophilic and hydrophobic surfaces, respectively (see Figure 2 ). This demonstrates that the patterned photoresist layer acts as a protective layer and also keeps these surfaces relatively hydrophilic after it is removed. This allows to apply an optional second surface modification afterward. Careful cleaning is essential to remove all the unreacted silane before removing the photoresist layers, to ensure that the subsequent exposed hydrophilic surfaces stay intact. Atomic force microscopy (AFM) measurements demonstrate that there were no large aggregates and defects on the modified surfaces. The boundary between the modified and unmodified surfaces is very sharp. The formed SAM layer is uniform with a measured thickness of ∼1 nm, and an surface average roughness less than 0.66 nm, which is only slightly larger compared to the uncoated glass surface. We have applied various silane chemistries for the hydrophobization process via both liquid and gas phase reactions. Different surface wettabilities were obtained, represented by water contact angles (2 μL per droplet) of 75 ± 2°for chlorotrimethylsilane (CTMS, via gas phase deposition) and 100 ± 4°for octyltriethoxysilane (OTES, via liquid solution deposition) modified surfaces, respectively, and very low contact angles for all the hydrophilic regions. We want to stress here, that we did not attempt to optimize the SAM quality, but merely exploit silane layers to affect the local wetting properties in enclosed channels.
Conducting a photolithography process inside a glass or quartz capillary tube is evidently more challenging than on a flat surface. Photoresist layers with strong adhesion onto the channel wall and uniform thickness are essential. Strong adhesion of these layers protects the desired pattern from the shear force during rinsing and chemical modification. A cleaned substrate with minimal surface water is desired to strengthen the adhesion of the photoresist layers. The presence of surface water can cause detachment of this layer during developing which destroys the desired pattern. 22, 23 Primers or adhesion promoters are typically applied onto cleaned glass or silicon substrates to exclude the surface water and enhance the adhesion. 24 Silazanes and silanes, such as hexamethyldisilizane (HMDS), are typically used primers in cleanroom processes. However, such primers form covalent bonds to glass or silicon substrates and functionalize the complete channel surfaces which prevents the subsequent SAM pattern formation. Moreover, photoresist droplets may form on such surfaces after baking because of the low surface energy of the primer layers. Such thickness differences hamper the formation pattern structures since the developing rate is a function of the depth into the PR layers. 25 In our case, an adequate vacuum baking step is essential to remove the surface water without the need for primers. A diluted base solution removes organic contaminants from the glass surface. We have prerinsed the surface with a TMAH solution, which is free of alkali metals. The optical images in Figure 3a , b display the patterned capillary tubes after development. The smallest pattern we have fabricated was 60 μm (Figure 3b) . Because of the curved capillary geometry, the exposing UV light will be bend in the radial direction which should not reduce the axial edge sharpness. From microscopic observations we determined that the edge roughness is on the order of a few micrometers, which is close to the resolution of the optical mask we used. Evidently, the edge roughness may be compromised when this method is applied in more complex microfluidic structures. Then also the photoresist coating can not rely on the spinning method employed here, but could be attempted using liquid displacement methods. As the fabrication is applied in a capillary tube, verifying the resulting surface wettability is challenging via contact angle measurements. We have attempted a facile method to test the modified tube by first filling it with DI water followed by gently removing the water with a nitrogen gas flow. Water remains on the hydrophilic segments but not on the hydrophobic segments (Figure 3c) .
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Additionally, we investigated the influence of the obtained heterogeneous surface wettability on altering the emulsion dynamics using a coflow microfluidic devices. The devices was built by carefully sliding a tapered micropipette into a modified glass capillary with inner diameter d = 580 μm 26 and an entrance hydrophobic section of L = 6 mm. The oil-in-water emulsions were generated by injecting paraffin oil through the micropipette as inner phase and flowing aqueous solution (2 wt % PVA) through the glass capillary as continuous phase. The droplets were formed in various morphologies in the capillary by controlling the flow rates of the inner oil phase and outer aqueous phase via two corresponding syringe pumps. The dynamics of the segmented flows were visualized using a microscope (magnification ≈ 10) equipped with a camera. Figure 4 shows the observed emulsion dynamics, when passing from a hydrophilic to a hydrophobic surface (highlighted in yellow). The heterogeneous wetting wall has a strong influence on the emulsion morphology. A fast moving droplet stays confined within the continuous phase when passing the heterogeneous wetting surface (Figure 4a ). In contrast, droplets traveling at lower speed alter their emulsion dynamics in terms of adhesion (Figure 4b ) and inversion (Figure 4c ). It was reported that emulsion transitions can be used as a promising technology in biomedical and food processing.
1,27−29 Our results give insight regarding the stability and dynamics of emulsions in confinement with heterogeneous wettabilities.
We have demonstrated positional patterning of surface wettability in a microcapillary tube. The method is highly reproducible and efficient as multicapillaries can be treated simultaneously. The modified microcapillaries display a heterogeneous surface with very sharp boundaries between the hydrophilic and hydrophobic segments. Our method can be employed to modify enclosed channel surfaces by various surface chemistries. The robust and inert characteristics of the SAM layer allows a secondary modification step on the initially protected hydrophilic surfaces. The smallest achieved dimension is 60 μm. This limitation is likely to be reduced by introducing a liquid with a similar refractive index as that of the capillary material to reduce the light scatting during exposure. Enclosed patterns have been demonstrated to influence the emulsion dynamics strongly, which is of interest in many applications.
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